In the midline glia of the embryonic ventral nerve cord of Drosophila, differentiation as well as the subsequent regulation of cell number is under the control of EGF-receptor signaling. During pupal stages apoptosis of all midline glial cells is initiated by ecdysone signaling. In a genetic screen we have identified mutations in disembodied, rippchen, spook, shade, shadow, shroud and tramtrack that all share a number of phenotypic traits, including defects in cuticle differentiation and nervous system development. Some of these genes were previously placed in the so-called 'Halloween-group' and were shown to affect ecdysone synthesis during embryogenesis. Here we demonstrate that the Halloween mutations not only affect glial differentiation but also lead to an increase in the number of midline glial cells, suggesting that during embryogenesis ecdysone signaling is required to adjust glial cell number similar to pupal stages. Finally we isolated a P-elementinduced mutation of shroud, which controls the expression of ecdysone inducible genes. The P-element insertion occurs in one of the promoters of the Drosophila fos gene for which we present a yet undescribed complex genomic organization. The recently described kayak alleles affect only one of the six different Fos isoforms. This work for the first time links ecydsone signaling to Fos function and shows that during embryonic and pupal stages similar developmental mechanisms control midline glia survival. q
Introduction
Most axons within the embryonic CNS of Drosophila are organized in a simple ladder-like structure. The two halves of the nervous system are connected by commissures, two of which are found in each neuromere (Goodman and Doe, 1993) . Commissural axon bundles are established in close relationship to a special set of CNS cells -the midline cells (Klämbt et al., 1991) . These cells secrete a number of evolutionary conserved proteins, which organize axonal growth across the midline (Tessier-Lavigne and Goodman, 1996) . As commissural tracts are formed they have to be organized into anterior and posterior commissural bundles. This process depends on the well-defined midline glial cells that migrate along cell processes of the VUM midline neurons in-between anterior and posterior commissures (Klämbt et al., 1991) .
The midline glial cells are specified in the anterior part of the segment -a process that requires the function of both the segment polarity genes and the gene single minded (Crews et al., 1988; Hummel et al., 1999; Menne et al., 1997) . Their subsequent differentiation is controlled by EGF-receptor signaling (reviewed in Jacobs, 2000) . Initially about six midline glial cells are formed in each neuromere. Depending on axon contact, the number of glial cells is downregulated to three to four cells per neuromere by programmed cell death (Bossing and Technau, 1994; Dong and Jacobs, 1997; Klämbt et al., 1991; Sonnenfeld and Jacobs, 1995; Zhou et al., 1995 Zhou et al., , 1997 . In Drosophila, programmed cell death requires the activity of the proteins Reaper Grim and Hid that act by inhibiting the antiapoptotic activity of the Inhibitor of Apoptosis Protein (IAP) (Bergmann et al., 2002; Goyal et al., 2000; Song and Steller, 1999; Wang et al., 1999) . The activity of Hid can be inhibited through phosphorylation by MAPK, suggesting that the Ras/MAPK pathway activated by many extracellular signals regulates cell survival (Bergmann et al., 1998b; Kurada and White, 1998; Sawamoto et al., 1998; Scholz et al., 1997) . It was recently shown that in the Drosophila midline, the number of surviving midline glial cells is tightly controlled by the axonally derived TGFa homologue encoded by the gene spitz (Bergmann et al., 2002) . Midline glial cells specifically express the Drosophila EGF-receptor homologue DER (Zak et al., 1990) and compete for the limiting amounts of Spitz supplied by axons. When DER is not properly activated, low levels of Ras/MAPK activity render Hid competent to induce cell death (Bergmann et al., 2002) . Interestingly, activation of DER is also involved in the survival of other glial cells in the Drosophila embryo suggesting a more general relevance of Ras/MAPK signaling for glial survival (Hidalgo et al., 2001) .
Spitz and thus DER activity may not be the only determinant regulating midline glial cell number. During larval stages the midline glial cells divide to generate about 20 cells per neuromere (Awad and Truman, 1997) . During pupal stages increasing levels of the steroid ecdysone stop mitotic activities as well as they do induce programmed cell death (Awad and Truman, 1997) . Thus, either the ecdysone receptor, which is expressed by the midline glial cells (Truman et al., 1994) , interferes with Ras/MAPK activity to relive the pro-apoptotic functions of Hid or ecdysone may trigger apoptosis independently possibly by activating cell death genes such as hid.
In a genetic screen, we previously found a group of phenotypically similar mutants which affect the midline glial cells (Hummel et al., 1999) . This group includes the genes tramtrack, disembodied, rippchen, shade, shadow, shroud and spook. A phenotypic hallmark of these mutations is the undifferentiated cuticle that led to the name 'Halloween-group' (Chávez et al., 2000; Jürgens et al., 1984; Xiong and Montell, 1993) . We show here that these mutations also affect the number of midline glial cells. Chávez et al. (2000) first reported that members of the Halloween-group have very low ecdysone titers and fail to express ecdysone inducible genes. disembodied (dib) and shadow (sad) were shown to encode mitochondrial cytochromes P450 that mediate the last two hydroxylation reactions during ecdysteroid biosynthesis (Chávez et al., 2000; Warren et al., 2002) . spook has not been cloned yet but is likely to encode another component of the ecdysone biosynthetic pathway. In contrast, mutations in shroud do not affect the ecdysone titer but rather disrupt the expression of ecdysone inducible genes indicating that shroud may encode a transcriptional regulator involved in the implementation of the hormonal response (Chávez et al., 2000) .
Here we present a detailed analysis of the nervous system phenotypes of the Halloween mutants and show that only mutations in the gene rippchen lead to a reduction in the number of midline glial cells. In contrast to this, mutations in all other Halloween genes lead to an increase in the number of midline glial cells. Finally, we demonstrate that shroud affects the Drosophila Fos gene for which we present a yet undescribed complex organization. Our data suggest that the ecdysone pathway is regulating midline glial cell number during embryogenesis as well as during metamorphosis and that implementation of the ecdysone response may employ the JNK pathway.
Results

Mutations in the Halloween-group lead to alterations in embryonic morphology
Members of the Halloween-group disrupt relatively late occurring morphogenetic movements. In stage 14 wild type embryos the germband has retracted and the epidermis starts to grow dorsally to close the embryo. To analyze dorsal closure in more detail we followed expression of Fasciclin III (Patel et al., 1987) . In wild type stage 16 embryos, the dorsal epidermis has completely covered the dorsal surface of the embryo (Fig. 1A) . No epidermal folds are found below the ventral nerve cord (Fig. 1A,J) . Instead of stretching dorsally, the ectoderm appears to fold like an accordion in the anterior-posterior axis in disembodied, rippchen, shade, shadow, spook or shroud mutant embryos (Fig. 1 , data not shown). As a consequence the gut is frequently pushed outside the embryo (Fig. 1B -F) . By the end of embryogenesis the ventral folding of the epidermis pushes the ventral nerve cord further deep into the embryo (Fig. 1B -F ,J -L). Beside the dorsal closure phenotypes, we observed frequent defects during head involution and in gut morphology (Fig. 1 ).
Halloween-group mutants do not affect neuronal cell number in the PNS
Concomitant to the disruption of normal ectodermal development, members of the Halloween-group frequently appear to affect the formation of the peripheral nervous system (Fig. 2) . In Drosophila embryos all post-mitotic neurons express the nuclear Elav protein (Robinow and White, 1991) (Fig. 2E -H , green staining). All sensory neurons express the cytoplasmic Futsch protein (Hummel et al., 2000) . In wild type embryos sensory organs are located in four discrete cell groups. Twelve neurons express the Elav marker in the dorsal cluster ( Fig. 2A) . In tramtrack mutant embryos the number of sensory neurons doubles (Guo et al., 1995) . In disembodied, rippchen, shroud and spook mutant embryos an increased expression of Futsch is apparent in the PNS, which is likely due to a more compact morphology of the lateral body wall (Fig. 1, data not shown). The number of Elav expressing cells in the dorsal and lateral cluster does not appear to be altered ( Fig. 2F -H) . The number of neuronal cells in the ventral cluster (11 in wild type, not all of which are shown in Fig. 2E ) appears to be increased in mutant sad embryos, however, due to the compact nature of the ectoderm the exact number of cells could not be determined. In order to assess non-neuronal cells as well, we used anti-Repo and anti-Prospero antibodies. Interestingly, in shadow and spook mutant embryos some Repo positive cells apparently express both, the glial marker Repo and the neuronal marker Elav (data not shown). Similar to this, some cells may coexpress Prospero and Elav (Fig. 2H) . Again due to the compact arrangement of the PNS in Halloween mutants we could unfortunately not clearly discriminate whether one cell coexpresses Elav and Prospero or whether two nuclei, one expressing Elav and the other expressing Prospero, are found in very close neighborhood.
The Halloween-group genes are required for CNS development
We initially identified mutations in Halloween-group genes based on their typical distortion of the overall embryonic morphology as well as their characteristic CNS phenotypes (Figs. 1 and 3) . Embryos appear more compact and due to a folded epidermis, the CNS is found displaced into the interior of the embryo (Fig. 1) . In addition, commissures are not separated properly and appear fused (Fig. 3B -G, arrowheads) . This axonal phenotype is generally due to disruptions in the differentiation of midline glial cells (Klämbt et al., 1991, see below) . In addition to the abnormal organization of commissural axon bundles, the formation of the longitudinal connectives is affected (Fig. 3,  arrows) . Generally the longitudinal axon tracts are found closer to the midline and are frequently reduced in size as seen in disembodied and shroud mutants. In order to further investigate this phenotype we have used monoclonal antibodies directed against Fasciclin II (Grenningloh et al., 1991) . In wild type embryos this antibody labels a discrete set of fascicles ( Fig. 3A 0 -F 0 ). Except for mutations in spook,
Halloween-group mutations are characterized by defects in the organization of Fasciclin II positive axon fascicles. In disembodied mutants we frequently observe Fasciclin II positive axons crossing the midline which may again be due to defects in the CNS midline glial cells (Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b) . In addition, the lateral most Fasciclin II positive axon fascicle is often disrupted in disembodied mutant embryos ( Other members of the Halloween-group display less severe defects in the organization of Fasciclin II positive axons. They range from a partial disruption of the lateral most fascicle in shroud mutant embryos to an almost wild type organization of the axonal bundles -albeit being shifted towards the CNS midline as seen in spook mutant embryos.
The Halloween-group genes affect glial cell development
Both the fused commissure phenotype as well as the malformed longitudinal tracts may be due to defects in glial development. Two different subsets of glial cells are found in the Drosophila embryo: the lateral glial cells depend on the function of the gene glial cells missing whereas the development of midline glial cells requires the function of single minded and the Drosophila EGF-receptor (Granderath and Van De Bor and Giangrande, 2002) . The development of both glial cell types requires the function of the gene tramtrack (Badenhorst, 2001; Giesen et al., 1997) . The number and distribution of lateral glial cells was assayed using antibodies against the glial cell specific homeodomain protein Repo (Campbell et al., 1994; Halter et al., 1995; Xiong et al., 1994) . In all Halloweengroup mutant embryos a slight reduction in the number of lateral glial cells was observed (Fig. 3A 00 -G 00 ). A subset of the lateral glia is the so-called longitudinal glia (Jacobs et al., 1989) . In wild type embryos the longitudinal glial cells are found dorsally in the cortex in close association with the connectives (Fig. 3A 00 ) (Jacobs and Goodman, 1989a,b) . In disembodied and shroud mutant embryos the longitudinal glial cells appear to migrate normally, despite the reduction in the number of longitudinal axon tracts ( Fig. 3B 00 ,C 00 ). In shadow and spook mutant embryos, the medial migration of the longitudinal glial cells appears impaired. Whereas in wild type embryos, the progeny of the lateral glioblast migrate towards the CNS midline to cover the longitudinal connectives, the longitudinal glial cells occupy more lateral positions in shadow and spook mutants (compare Fig. 3D 00 , E 00 to Fig. 3A  00 ).
Midline glial cell development is disrupted by the Halloween-group mutants
In contrast to wild type embryos, with clearly separated anterior and posterior commissural axon bundles, many Halloween-group mutants are characterized by fused commissures (Fig. 3A -F ). This phenotype is generally due to defects in midline glial cell development (reviewed in Granderath and Klämbt, 1999; Jacobs, 2000) . To analyze the number and distribution of midline glial cells we have used the enhancer trap insertion AA142 that confers specific b-galactosidase expression to the midline glial cells (Fig. 4) (Klämbt et al., 1991) . In wild type embryos on average 3.6 midline glial cells were counted (average of ten abdominal neuromeres (A1-A4) from different embryos). In tramtrack and rippchen mutant embryos slightly reduced numbers of midline glial cells were found (Fig. 4) .
In contrast to tramtrack, mutations in shroud, shadow, spook, shade and disembodied lead to a significant increase in the number of midline glial cells (Fig. 4) . This is not due to cell fate changes as the number of midline neurons is unchanged in shroud, shadow, spook, shade and disembodied mutants (the markers AE60 and X55 (Klämbt et al., 1991) were used, data not shown). Thus, the increase in midline glial cells must be either due to a block of apoptosis or it should be due to increased cell divisions. In wild type embryos about six midline glial cells are initially generated, three of which undergo programmed cell death. When apoptosis is blocked in the wild type by p35 expression (Hay et al., 1994) , a corresponding increase in the number of midline glial cells is observed (Fig. 5A,B) . Mutant disembodied embryos typically have six or even more midline glial cells (Fig. 5C ). When apoptosis is blocked by expression of UAS-p35 the number of midline glial cells increases even further, indicating that in wild type disembodied negatively regulates cell division in the midline (Fig. 5D ). At present, we cannot directly determine whether disembodied also influences cell death. The concomitant commissural phenotype observed in Halloween-group mutants is not likely to be due to a mere increase in the number of midline glial cells as embryos with increased numbers of midline glial cells do not always show obvious commissural defects (Scholz et al., 1997; Zhou et al., 1997) (Fig. 5B) . Thus, terminal differentiation of glial cells is likely to be affected by the members of the Halloween-group, too.
shroud affects the Drosophila fos gene
Using local hopping mutagenesis (Tower et al., 1993; Zhang and Spradling, 1993) we isolated the P54 mutation that failed to complement all EMS-induced shroud alleles. Homozygous shroud P54 larvae show a severe shroud cuticle phenotype (Fig. 5E,F) . Following precise excision of the P54 P-element insertion, wild type shroud function was restored demonstrating that we had identified a P-elementinduced shroud mutation (similarly, kayak function could be reverted by excision of the P-element, see below). To identify the shroud locus, we cloned genomic DNA flanking the insertion site using a plasmid rescue approach. Sequence analysis and subsequent BLAST searches localized shroud to the region 99C2-3 on the right arm of chromosome 3 which is in agreement with our meiotic mapping data (Fig.  6) .
Two genes flank the insertion site of shroud P54 . CG1973
that encodes a predicted protein kinase lies 12 kb upstream and the well characterized gene kayak (kay) encoding the Drosophila Fos homologue lies 6 kb downstream of the Pelement insertion; 500 bp downstream of the P-element localizes the transcription unit CG15507 that as we show here represents the most 5 0 exon of the kay locus (Fig. 6, see  below) . A CG15507 specific probe was generated by PCR and was used in whole mount in situ hybridization to test whether the gene is expressed during embryogenesis (Fig.  7A -D) . CG15507 RNA can be detected already in the unfertilized egg indicating a maternal contribution (data not The phenotypic defects are similar to the shroud mutant phenotype (see Fig. 1 ). Fig. 6 . The shroud/kayak locus. (Top) Schematic drawing of the genomic region encompassing the shroud/kayak locus. Exons are boxed, and translated sequences are filled. Transcription is from left to right, and all splice forms have been deduced from comparing cDNA with genomic sequences. The insertion site of the sro P54 P-element is indicated. The first exon of shroud/kayak was previously called CG15507. (Bottom) N-Terminal deduced protein sequences specific to the different protein isoforms are shown. When using these sequences, no significant BLAST homologies were found. Several isoform specific EST clones isolated by the BDGP (28 ESTs are available) are indicated.
shown). Expression stays rather uniform until the end of germband retraction (Fig. 7A,B) , when enhanced expression can be detected in the developing nervous system. Expression in the CNS continues until later stages where elevated expression levels can be detected in the CNS midline (Fig. 7C,D) .
The Berkeley Drosophila Genome Project (BDGP) has identified a large number of cDNA clones corresponding to CG15507 and kay. Further sequence analyses indicated a previously unknown complex splicing pattern in the kay locus (Fig. 5) . At least five different promoter elements direct expression of distinct mRNA species encoding several different Fos isoforms. All proteins differ in their N-terminal domain but share a C-terminus containing the leucine zipper domain. Thus, based on sequence analysis shroud may correspond to kayak. In agreement with this notion shroud and kayak mutant embryos display very similar cuticle phenotypes (Jürgens et al., 1984; Zeitlinger et al., 1997) (Fig. 5E-G) and show similar morphogenetic defects (Figs. 1F and 6H ). This is further supported by complementation data. The previously described kayak null mutation kay 1 removes the kay2b exon including the translational start site, the kay 2 mutation was classified as hypomorphic but no nucleotide change was found (Zeitlinger et al., 1997) . Ectopic expression of the Kay2a isoform (see Fig. 5 ) rescued the cuticle differentiation phenotype but not the lethality (Zeitlinger et al., 1997) . The sro P54 mutation fails to complement the presumed kay 1 null allele and shows reduced viability in trans to the hypomorphic kay 2 mutation (about 8% of the expected numbers eclosed, 307 flies analyzed). When we analyzed kay 1 in trans to different EMS-induced sro alleles only 60 -35% of the expected transheterozygous flies eclosed, however, full complementation was found in trans to the hypomorphic kay 2 allele which itself is not strictly lethal (Zeitlinger et al., 1997, own observations) .
As seen from the complex organization of the kayak gene (Fig. 6) , kay 1 is not likely to be a Fos null mutation but rather removes only two of the Fos isoforms. The above mentioned data suggest that shroud and kayak are both mutations in the same gene, however, affecting different Fos isoforms. In order to obtain additional evidence supporting this notion we have attempted to rescue the shroud mutant phenotype by using an UAS-fos transgene (Zeitlinger et al., 1997) and a rho-GAL4 driver strain. In shroud mutant embryos generally four to five midline glial cells are found at the dorsal surface of the ventral nerve cord (Fig. 7E) . Following expression of the UAS-fos transgene, this mutant phenotype could indeed be partially rescued, glial cell number was adjusted to about three per neuromere and, more importantly, midline glial cells are associated with commissural axon tracts (Fig. 6F) . In few neuromeres expression of fos resulted in a further reduction of the number of midline glial cells to one to two (data not shown). Overexpression of fos in wild type embryos does not lead to a disruption of normal development (data not shown). If shroud, as suggested by Chávez et al. (2000) , regulates expression of ecdysone inducible genes one might expect to at least partially suppress the disembodied mutant midline phenotype by overexpression of shroud. In support of this notion we were able to partially rescue the midline glial cell phenotype of disembodied mutants following expression of fos in the single-minded expression pattern. Following fos expression 3.9 midline glial cells were found per neuromere (17 nerve cords with eight neuromeres each were counted) (Fig. 7G) .
Discussion
Here we have presented phenotypic analyses of six genes required for cuticle and CNS development. Members of the so-called Halloween-group all lead to a related embryonic CNS and larval cuticle phenotype. In all mutations studied in this work the segmental commissures appear fused which is generally due to non-functional midline glial cells (Granderath and Klämbt, 1999; Jacobs, 2000) . Previous work has linked several of these genes to the production of ecdysteroids (Chávez et al., 2000; Warren et al., 2002) and we could show that shroud encodes a transcriptional regulator involved in the implementation of the hormonal program.
However, beside the overall phenotypic similarities displayed by mutants in the different genes we noted differences in the number of midline glial cells. In tramtrack and rippchen mutant embryos a reduction in the number of midline glial cells was observed but recent work showed that tramtrack also is a negative regulator of glial cell division. In its absence additional glial cells can be detected in stage 14 embryos and only in older embryos a reduction in the number of glial cells can be observed (Badenhorst, 2001; Giesen et al., 1997) . Interestingly, tramtrack and shroud appear to interact. In an effort to generate a tramtrack shroud double mutant we noted that significantly fewer transheterozygous tramtrack/shroud flies eclosed. Thus, the BTB-Zn-finger proteins encoded by tramtrack may eventually be linked to Fos function.
Regulation of midline glial cell number
Initially, about six midline glial cells are generated in each abdominal neuromere. During the second half of embryogenesis the number of midline glial cells is reduced by apoptosis to three to four per neuromere (Jacobs, 2000; Sonnenfeld and Jacobs, 1995; Stemerdink and Jacobs, 1997; Zhou et al., 1995 Zhou et al., , 1997 . Only those glial cells that have formed extensive contacts to commissural axons are thought to survive. Indeed, when formation of commissural axons is impaired, as for example in the commissureless mutation, most midline glial cells die via apoptosis (Sonnenfeld and Jacobs, 1995) . Activation of DER by axon-derived Spitz and subsequent Ras/MAPK signaling in the midline glia is able to counteract apoptosis by inactivating the cell death protein Hid (Bergmann et al., 1998a (Bergmann et al., , 2002 Dong and Jacobs, 1997; Scholz et al., 1997) . Similar to the finding that the EGF-receptor ligand Spitz regulates midline glia survival (Bergmann et al., 2002 ) the EGF-receptor ligand Vein, a Drosophila neuregulin homologue, provides trophic support for subsets of cortical glial cells (Hidalgo et al., 2001) . These findings parallel the survival promoting effects of neuregulin-1 on Schwann cells in the mammalian peripheral nervous system (Lemke, 2001 ).
Ecdysone signaling regulates midline glial cell number
Based on phenotypic similarities tramtrack, disembodied, shroud, shadow, shade, spook and rippchen were classified as members of the tramtrack or Halloween-group (Chávez et al., 2000; Hummel et al., 1999) . Mutations in the disembodied locus are characterized by defects in epidermal development, dorsal closure, head involution, midgut formation and CNS development. In particular, loss of disembodied function leads to an excess of midline glial cells that are not able to separate anterior and posterior commissures (Figs. 3 and 4) .
Recently, disembodied and shadow had been molecularly identified and were shown to encode cytochrome P450-like proteins involved in the biosynthesis of ecdysteroid hormones (Chávez et al., 2000; Warren et al., 2002) . Expression of disembodied starts during blastoderm stages and appears slightly elevated in the neuroectoderm. disembodied expression decays during the onset of neuroblast delamination and is not found from stage 12/13 onwards, when midline glial cell migration is initiated. High levels of disembodied expression can be detected in the forming ring gland in stage 16 embryos long after the commissures have been established (Chávez et al., 2000) . Similarly, sad is expressed in a striped pattern in the ectoderm but from stage 12 onwards it cannot be detected anymore. From stage 15 onwards sad is expressed in the ring gland anlage (Warren et al., 2002) .
Further phenotypic data indicated that other Halloweengroup genes are also involved in the ecdysone biosynthetic pathway (Chávez et al., 2000) . Mutants do not only display the same cuticle phenotype, they also show a similar increase in the number of CNS midline glial cells. The data presented here suggest that ecdysone signaling is crucially important in antagonizing cell division of the CNS midline glial progenitor cells.
This has been indeed found for later developmental stages. During the third larval instar stage, the midline glial cells proliferate and at the onset of puparium formation about 20 midline glial cells are found in each abdominal neuromere (Awad and Truman, 1997) . Starting at mid-pupal stages, however, the midline glial cells undergo programmed cell death and cannot be detected in adult stages (Awad and Truman, 1997; Stollewerk et al., 1996) . The end of the proliferative phase of the midline glia correlates with increasing levels of ecdysteroids suggesting a direct hormonal control of mitotic activity. Using mutants as well as CNS culture assays, Awad and Truman (1997) were able to demonstrate that ecdysteroids not only stop the mitotic activity of the midline glial cells but also initiate the apoptosis program in these cells. In agreement with this finding, the Ecdysone receptor is expressed by the midline glia (Truman et al., 1994) . A requirement for ecdysone signaling to stimulate apoptosis of the midline glial cells could not be addressed, yet.
Ecdysone is known to be the major hormone controlling metamorphosis. It acts through a heterodimer of Ultraspiracle and the Ecdysone receptor (EcR) (Thomas et al., 1993; Yao et al., 1992 Yao et al., , 1993 . In the absence of a ligand this complex represses transcription of target genes, whereas in the presence of a ligand coactivators are recruited to activate transcription (Thummel, 1996) . In addition to regulating cell division and apoptosis of the midline glial cells, ecdysone may also be involved in the fine tuning of glial migration, and thus for the functional differentiation of the midline glia. During oogenesis, expression of taiman which encodes a steroid hormone coactivator initiates the migration of the so-called border cells (Bai et al., 2000;  for review see Lehmann, 2001 ). Based on the finding of Chávez et al. (2000) the loss of the ecdysone receptor may lead to a defect in midline glial cell development. Indeed ecdysone receptor mutants display some embryonic phenotypes similar to the ones shown by Halloween-group mutants (cuticle phenotype in about 20% of the mutant embryos). Surprisingly, however, no obvious nervous system defects were found in EcR mutants (data not shown). This may indicate that the EcR has function in the embryonic midline glia. Similarly, the progression of the morphogenetic furrow in the developing eye requires ecdysone but not EcR function (Brennan et al., 1998 (Brennan et al., , 2001 .
Mutations in the gene shroud lead to similar mutant phenotypes as mutations in disembodied and spook. While the levels of ecdysteroids are not affected in shroud mutants, the expression of an ecdysone inducible gene (IMP-E1) is almost completely abolished suggesting that shroud may encode a transcriptional regulator implementing the correct hormonal response (Chávez et al., 2000) .
Here we have presented evidence that shroud encodes one of the several Fos isoforms. The structure of the fos gene is complex and the gene is spread over about 28 kb of genomic DNA harboring at least five different promoters directing the expression of six different Fos isoforms. Two distinct, partially complementing genetic loci have been mapped to the Drosophila fos gene. Mutations in kayak lead to a dorsal open phenotype in first instar larvae; similarly, shroud affects dorsal closure (Riesgo-Escovar and Hafen, 1997; Zeitlinger et al., 1997) (Fig. 1) . Unlike shroud, kayak mutations do not lead to a midline glial cell phenotype. All tested EMS-induced shroud alleles only partially complement the strong kayak 1 mutation. Interestingly, the Pelement-induced mutation shroud P54 fails to complement the kayak 'null' allele but shows reduced viability in trans to hypomorphic kayak mutations. The observed intragenic complementation may be explained by the fact that the different mutations affect the different coding regions located in distinct 5 0 exons. Fos together with Jun constitutes the AP-1 transcription factor that is implied in a number of processes during Drosophila development (reviewed in Kockel et al., 2001 ). Fos as well as Jun is activated via the phosphorylation by Jun-kinase (JNK). Interestingly, JNK signaling has been implicated in apoptosis and activation of JNK signaling induces cell death via transcriptional activation of the pro-apoptotic genes reaper, grim and hid (Adachi-Yamada et al., 1999; Takatsu et al., 2000) . Similarly, AP-1 function is linked to the control of apoptosis in vertebrates (Shaulian and Karin, 2001 ). It will be interesting to determine in the future how Fos will integrate in the ecdysone response during development.
Materials and methods
Fly stocks and genetics
All EMS-induced mutations of the Halloween-group members were identified based on their characteristic CNS phenotypes. The different mutations were assigned to complementation groups and were crossed to a set of deficiencies obtained from the stock centers.
Only one allele of tramtrack (ttk) 2D-50 was identified. ttk maps to 100D (Xiong and Montell, 1993) . Four disembodied (dib) alleles were found: D2-42, D2-56, E270 and J3-124. dib had been mapped to 64A3 (Harrison et al., 1995) . Two rippchen (rpc) alleles, D1-42, O2-54, were identified. Subsequently, rpc was mapped to the interval 75B8-10 (included in Df(3L)CAT [75B8-F11] and excluded from Df(3L)W4 [75B10-C5]). rpc is not allelic to the Epi75 gene also located in this region. Three shade (shd) alleles were recovered: B1-53, J1-28, N2-175. shd is uncovered by Df(3L)fz-D21 [70D2-E8] (Harbecke and Lengyel, 1995) and excluded from Df(3L)fz-GF3b [70C2-D5] and thus maps to the interval 70D5-E5. Four shadow (sad) alleles were found: C1-25, C3-9, G1-19, and J1-35. sad localizes in the interval 86F6-87A2 (included in the deficiency Df(3R)E229 [86F6-87B2] and excluded from Df(3R)kar-D1 [87A7-87D1] (Jürgens et al., 1984) haunted (hau) mutations lead to a similar ectodermal phenotype as the above mentioned genes. However, no hau mutant alleles were identified in our phenotypic screen. Using known haunted alleles (Jürgens et al., 1984) no requirement for nervous system development could be seen. The previous mapping of haunted to 3-48.4 (Jürgens et al., 1984) was confirmed following the isolation of a P-elementinduced haunted allele that carried an insertion at 85D. A Pelement-induced haunted allele was identified but not further characterized.
To express fos in the CNS midline of disembodied mutant embryos we generated a dib simGAL recombinant and crossed this to males of the genotype UAS-fos/CyO; dib/TM6. Mutant embryos were identified based on their characteristic morphological defects. In addition, 'blue balancer' chromosomes were used. UAS-p35 and singleminded GAL flies have been described (Hay et al., 1994; Menne et al., 1997) .
Immunohistochemistry
Immunohistochemistry was performed as described (Hummel et al., 1999) . The following antibodies were used: BP102, recognizing most CNS axons; 1D4, recognizing the Drosophila Fasciclin II protein (both kindly provided by C.S. Goodman, Berkeley); 22C10, recognizing the Drosophila Futsch protein (Hummel et al., 2000) ; antiRepo antiserum, recognizing all lateral glial cells (kindly provided by G.M. Technau, Mainz); anti-Elav, which was obtained from the Developmental Studies Hybridoma Bank, University of Iowa. Anti Ttkp69 antibodies were obtained by A. Travers, Cambridge.
